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Polymergebundene hrhraul·hsatzl• 
Pnlymergl'lmndcnc l·arbraurh~iillc hringcn tahlrdrhc Vortcik 

gcgcniibcr den knnV<'lltionclkn gcprd.\tcn Rauch~iiltt·n. wit• 7. B. \'l'r­
ht·s~crtc rnt:..:hani,chc Figcn,,·haftc:n uml 'it'hcn: llandhahung. Das 
Defense Rcscardt htahli,hrnt·nt \'alt:artit·r (I>RLV) hat gid\bart· 
Farhrauchsitllt' cntwickdt untt•r Vcrwcndung cint'S hckanntcn 
hydruxy-tcrminicrtt·n l•olyhutadicn- Prapnlym,•rt•n. d:ts mit dut•rn 
handdstiblichcn DiislKy:mat ausf!ch:irtct wurdc. Dicsc Rauchsatnni­
schungcn t'llthaltt•n die lkswndtcilc, wit• ,jc tihlichcrwdsc in gt•prl'i.l-
1<'11 Pulwrmi>dlllngt~n vrrwcndct wcrtkn, ~ic sintl jnloch in t'incm 
l'olymcrbimlcr vcrll:ilt. Fin Farhqnffgranulat wird wrwt·ndl'l, 11111 die 
nicdrigc Vi~kmitiit tu lickrn. dit' wrl<lllgl winl fiir den (iit·l\prmdl. 
Fs Wt'rdt·n sownhl dk crfunkrlidll'n Bcstandtcilc und the I kr,kl­
lungstct·hnik b,·~rhrkht•n. ,,,, ;nrrh die l:igt·mdtaftcn und Vortcik 
solchcr Mischungcn. 

Summary 
:/) . 

/1 i'olyrncr-bondcd 'mokc t'ompo~ttion' ollc" numcr<lli' ad\'anla!(CS 
owr wnvcntional pressed ~mokc mixtures ~udt "' impro\ cd mcchani· 
cal propt•rtks mtd ~afcty in handlrng. I h•• I >dcn'c Rc>t'arch Fstah­
lishmcnt Yalcarticr (DRFV) ha' dcLdopcd pour-castahlc coloured 
smokt• wmpositio11s u,ing a well known hydroxy·tcrminatcd poly· 
huwdicnc prcpolymcr cured with a commL'It'ially :t\'ailahk dii'ol'ya­
natc. Thc;;c >mokc formulation' wn,i'>t of ingrcdit'n" typit'ally lound 
in prcs~cd powder mix. but di,pt•r-;cd 111 a polymcrk hrnder. A granu· 
latcd dye '' utili7l'd to prtmdc th1· low '"i'ro'itit'> rt'ttuircd fpr p<lur· 
casting. The necessary ingrt•tlicnts 0111d pr<Kl'>>ing tcdrniquc> '" wdl "' 
the propcrtil's and inherent advantage' of such \'ompmiti.,ns arc de· 
snibcdj/ 

I. Introduction 

Smoke generators have a tactical u'c primarily as signalling 
device' in ground-to-ground and ground-to-air communica· 
tion, Alternatively they may serve as wind-drift indil'ators or 
target identification markers. Coloured smokes arc generally 
produced by gradually evaporating dyc~tuff from a mixture of 
dye and a pyrotcchnil' heat source composed of potas,ium 
chl'lratc and powdered sugar or sulfur as the oxidilcr/fucl mix­
ture and sodium or potassium bicarbonate as a t'nolant and 
~tabilizing agent. 

The pour-ca~tablc coloured smoke mmpositions developed 
at DREV con~i\t of ingredients typically found in prcs~ed 
compositions. The difference. however. is that these ingre­
dients are now dispersed in an elastomcric hinder. DREV's 
involvement in the field of castablc smoke ~·ompositions 
started111 in 1971. Preliminary results were encouraging hut 
inclusion of a hinder did not assure the castability of the com­
positions. The substitution of commercial dye with a granu- · 
lated material made li?ssihle the preparation of true pour­
<'il~tahle rnmpmition~ n Afwr development nf a granulation 
process for organic dyes<Ul, DREV was in a position to 

· undertake the development of smoke ~encrators hased on 
pour-castable pyrotechnic eompositions!4 

• 

Compositions fumlgene~ l'Oiorl'es a llant plastique 
l.cs wmpo~itions furnigcnt'> colorct•s i\ liant pla'>tiquc offrL'nt. par 

rapport aux cornposirions fumi!!cnc' dasl>itjUl.'s. rc!.tliscc' par prt'''"!!'', 
de nomhrcux avan:agcs, tcb tJliC tk mcillcurt•s propnctcs mcctniquc' 
clune sct·uritc de manipulation an· nrc. I.e Centre de Rt·rhcn:hc' pour 
Ia Dcknsc Yak-artier (CRIJY) ami~ au point des wmp<lSHHlll' lumi­
gcncs coulahlcs en utilisant un polybutadii'nc prcpolymcri'l' avt't: de-. 
radicaux hydroxyles en bout de• chaine> ct un dii,ocyanatc d11 ,·orn­
mcrcc l'lJntrm· agent polymt'ri>ant. ( 'es compmitions fumif!l'rw., t'<lll· 
ticnnt·nt Irs mcmc' 'ubstanccs que ks coml"''itinn' nhtciHH:s par 
prcs..agc, mai~ ccllcs-l'i 'ont rcpartks dan' une matrirc en polyml:rc. 
On utili'<: un granulat de colorant pour 41.1e Ia ma~sc ail lllll' vist.·o,itt' 
suffi~ammcnt faihlc a fin de pouvoir ctrc roukc. On d0rrit lcs dille 
rcnh composants. ks tcchniqut'' de preparation, lcs prnprictc' ,., lcs 
advantages tic tcllcs compn,itions. 

2. Uc.'sl'riiJtion of lngrt>rlil•nts 

2.1 1-(mmdations 

The coloured 'mokc compmitiom dealt with herein ron~.ist 
primarily of an organic dye, pota,siurn t'hloralt'. la~:tose or 
sulfur and sodium bicarbonate dispnsl·d in an rlastnrneric 
binder. The range of COilt'l'ntrations experirm·ntl.'d, during 
dl'vdopmcnt. for cad1 of tlw,c ingrcdicnh is prt~scntcd in 
Table I. 

Thl' compo,itions wen: dcwlopl'd to generate five cnlour' 
of smoke: red. violet, green. yellow and orangl'. Other en lours 
may bt• obtained hy choosing the (It-sired dyl' mix and adjust­
ing the formulation accordingly to yield desirable processing: 
and performance charactcristics1' 1• While fast burning COiliJll)­

sitions can be ignited by a sensitized primer sheet alone. the 
slow burning composition~ rt'lJUircd to achieve a 1(\ng 'mokc 
emission duration arc more difficult to ignite. ;\n ignition 
smoke composition is therefore rc4uircd, t'ontaining typkally 
less dye and morP oxidizcr/fut:l mixturt• than the compositions 
dcsnihed in Table I. This oxidizcHich compositinn, which i~ 
easier to ignite and burns faster, provide~ a rapid ~rnokc build· 
ttp when subjected to the hot !lame of a sensitized primer 
sheet. While producing an arrcptablc a moun: of smoke. it 
tran,fcrs heat to the main smoke composition that gradually 
takes over. 

Table I. Range of Concentration' of lngredil'nt' in Colourl'd Cast­
able Smoke Compositions 

Ingredients 

Granulated dye 
KCIO., 
S lll lttLI<>'<: 
NaHCO, 
Binder 

Range of Concentration 
I'!} by weight J 

JH-4fl 
22-2S 

-1- I} 

2-19 
17-20 
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2.2 Organic dyes 

Commercially available organic dyes, if used as supplied 
(particle size 10 Jlm-15 ~tm), produce compositions with 
excessive viscosities, and pour-casting is no longer possible. It 
is well known however, that the viscosity of a liquid/solid su~­
pension is closely related to the particle size distribution of the 
solids. By optimizing the ratio of fine versu~ large particles, a 
minimum viscosity can he obtained. Benmse the dye forms the 
main portion of the solids. the usc of a granulated dye is essen­
tial to maintain the low viscosities required for pour-casting. 
Since dye granules in the desired size range were not commer­
cially available, a granulation process was developed12

· Jl. The 
commercial dyes successfully granulated and used in smoke 
formulations include !-amino-anthraquinone, l·methylamino­
anthraquinone, Smoke Yellow 6, Smoke Yellow :n and 
Smoke Green 4. 

The gnmuh1ted dyes used in the smoke compositions have a 
mean particle size in the range of 500 ~un·-700 ~1m. A typkal 
particle size distribution is given in hg. l. Tests have .,lwwn 
that wh .. n finer or narrower distributions arc used. higher end­
of-mix viscosities and ignition delay problems arc ob~erved. 

2.3 Oxidizer 

The oxidizer is a crystalline potassium chlorate with a mean 
particle size of 35 lUll. Because the oxidizer is the ingredient 
with the greatest influence on the burning rate of the compo~i­
tion, its particle size must he strictly conllolled. and it must he 
kept free flowing hy r.;cans at an ant1caking agent such a~ 
tricaldum phosphate. 

2.4 Fuel 

Sulfur. in the form of sublimed powder, is the pn:ferred fuel 
in these formulations because the colour quality of the ~mokes 
produced. particularly with the red and green compositions. i~ 
significantly inferior with lactose. A stni,·hiomctric ratio 
between the oxidizer and the fuel (2.55: I for the l:'lse of 
KCIO~ and S) is not readily apparent lrom Table I. as the 
binder also prtially serves as a fuel. 

2.5 Coolant 

Sodium bicarbonate ( USP Standard grade) serves princi­
pally as a coolant hut also as a gasifyinp. and ~tahililing agent. 
It acts as a scavenger for oxidizing species and in this capaci\y 

0 200 GOO~--' 
Otameter [ p m 1 

· Flpre I. Typical particle size distribution for granulated dye. 
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tends to retard degradation of the dye caused by oxidation or 
pyrolysis. Furthermore, its presence redu~:es the possibility of 
flaming. When compared with pressed cr,mpositions. the 
proportion of NaHC01 i~ relatively low. The difference, how­
ever, is once again explained by the hinder. wltich al~o serves 
as a coolant. 

2.6 Hinder 

In ~:a~table smoke compo~itions, it is the hinder that serves 
as the medium in which all the solid~ arl' displ·r~ed and. once 
properly cured, maintains the integrity of the ~rnokc grain. 
The hinder used at DRE\' i~ based on a hydroxy-terminated 
polyhutadiene (IITPB), with whil:h good rc~ults had been 
ad1ievcd during a pn:viou\ development program of compo· 
site rocket propellant~. Its formulalion typically wnsbt~ of 
56.9"/r hy weight of R-4S liT (ARCO Chcmkal Co.). includ­
ing 1 '.'r· by weight of A0-2246 antioxidant (American 
Cyanamid). plastici1cd with 25'}(, by weight of isodccyl pelar­
gonatc (IDP. Emery Industries) and t:urcd with lH.I '.}( by 
weight of dirncryl diisoryanatc ( DDI-1410. General Mills). In 
this fnrmulation, the ratio of cyanate end-group~ of the curing 
agent to the hydroxyl radirals provided by the polymer (NCO/ 
()I I) is 1.2: l. An exn·s~ of curing a~ent is necessary a~ a 
1:1~rtain amount is consumed by the dye 5'. Ead1 different dye, 
however, doc~ not mnsumc the same proportion of isocyanate 
and therefore, certain modifications have to be made to the 
hinder formulation to a~:hievc a more even ntring rate. 

3. Proccssin~: 

3. I l>yt• granulation 

A high rapacity granulation ~rocC\~ was developed at 
DREV between 1\174 and l\17H 1 ~· 1• This wntinuous prol·ess 
involvt·~ only ambient temperature mcl·hanical operations and 
e~:onon·1ically prodtKes dye granules, using equipment readily 
availahk in the indu~try, in substantially any desired size range 
with a minimun1 of tine powder. 

The process indudcs a wmpactor, a grinder. a separator 
and a dust collector. Finely divided. commercially available 
organk dye material is fed from a feed-hopper into the nip oi a 
pair of rolls in the com~actor. The laminar product. which is 
nmmally 1 cm2 ~o 5 em· in area and 0.5 rnm to 1 J mm thick 
depending upon the specific dye and roll settings, is then fed to 
a relatively slowly rotating hammer mill. which produces par· 
tick's typic;dly in the range 10 11111 to 2000 ~1m, depending upon 
the shape and sit.e nf the holes in the grid in the crushing 
cht1111bcr. The di~chargc from the mill passes into a vibrating 
screen s••pa:rator and the proper ~izc fraction is retained. The 
undersized material ts recyded with till' fines hom the dust 
collector. 

3.2 Mi.\ing 

Th4! smoke composition is prepared according to a mixing 
cycle, which was established with the aid of thermal analysis 
techniques to avoid. as much as possible. hazardous combina· 
tions of ingredients. The prepolymer, including the antioxi­
dant and the plasttctzer, is first poured into the mixer. The 
NaHC03 and the sulfur or lactose are then added and mixed 
for lO min at atmospheric pressure with the mixer temperature 
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maintained at 600C. Then. the granulated dye is added and 
mixing continued for a further 10 min. The KCIO, is added to 
the other ingredients and mixing continued for 5 min at atmo­
spheric pressure. After this the vacuum is applied and mixing 
continued for 45 min at 60°C. 

This mixing cycle was used with an Atlantic Research 
helicone vertical mixer that was operated forward during the 
entire mix. While this type nf mixer was u•cd during the devel­
opment program. the low viscosities of the formulations per­
mit the u~e of other type~ of _jacketed mixers. 

3.3 Ca.Hilli! ancl curing 

At the end of the mixing cycle. the rom position b cast undt•r 
vacuum. in transft:r tubes. Tlwsc arc thL·n placed in a press and 
the proper amount of composition is lnath:d into cat'11 con­
tainer. It is also possible to cast dirc.:tly from the mixer into 
the individual grenades (or other store). either uoder vacuum 
or at atnw-;phcric prcs•urc. Mandrels of ~uitablc ~hapL', coated 
with an appropriate release agent, arc then inserted into the 
store container. expelling any excess cnmposition and forming 
the interior core cavity. The ~.:ornpe .• ition is then cured for 5 
days at 60 )C, after which the rnandrl'l is removed and the store 
int'o whid1 the composition has been cast is ready for final 
assembly. 

4. Properties 

4.1 l'rot'essing proparics 

To achieve I>Ollr-castahk formulations. the end-of-mix 
(EOM) visl'llsity should be rw greater than 10 kl' (I kl'<t · ~) 
and prcfcr<tbly 5 kl', hut not so low that settling out of solid\ 
could he a problem during ..:a,!ing and ..:uring. ( 'ompo~itiom 
with viscosity as low as I kl' ha\'C hcl'n cast without any set­
tling problem~. 

The pot-life, defined here as the pcrind between the il!itial 
addition of the polymerizing ;~gent ( DDI) and the time the 
viswsity reaches 10 kP at 60"(', should be at least I to 4 hnurs 
to permit time for loading the hatch into L'ontainers. Typical 
processing properties of six batches arc shown in Table 2. 

The end-of-mix (EOM) viswsities were obtained with a 
Brookfield apparatus model II AT mounted on a llclipath 
stand. All the measurements were made with a type D spindle 
at a rotational speed of 2.5 r.'min and a casting temperature of 
60"C'. Pot-life data were taken with the Rotovisko apparatu~ 
(<Jcbriidcr !Iaake, Hcrlin) wuplcd with spc..:ial controls for 

Tahle 2. Typical Processing l'ropc1 tics ol Ca;tahk Smoke ('ompo,i­
tion~ 

( 'olour BinJI.'I FOM Pot-life 
('onrcnt \'i\CO,ity 
I<;( hy WCight] JkPJ I hi 

Red 20 5. i 3.0 
Violet 20 I .3 H.5 
Green _ 20 i.9 

·-
10.0 

Yellow 20 25 9.0 

Orange lH 2.2 9,5 

Orangc1
'
1 IR I.H 10.0 

1•1 (guition smoke composition. 
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Table 3. Typical Mechanical Properties of C'astahlc Smoke Composi-
tions -

Colour 

Viokt 
Red 
<irccn 
Yellow 

Maximum 
Tensile 
Strength 
JkPal 

7ti{) 
720 
(150 
9511 

Elongation at "Shore A" 
Maximum llardncs~ 

Strength 
Jo,q 

22 59 
13 M 
IS 5K 
14 70 

continuou~ rc~.:ording of the torque and automatk rctnKting of 
the viscometer probe. 

4.2 Mechanical properties 

Aft~.:r a normal curing period of five days at 60"(', ca~t 
blocks were X-rayed and rut into slabs 1.27 em thick. JAN­
NAF dog-bones were die-cut and tensile tests conducted at 
23°C nn an In~tron Tester at an extension rate of 5 l'lnimin. 
Typical results arc shown in T,1blc 3, each figure is a mean 
value e~tahlbhcd from ~ix samples. The desirable properties at 
23 °C for the smoke compositions arc specified as a minimum 
"Shore A" hardness of 25, a tensile strength of not less than 
JOO kPa vvith at lea~! Ill% elongation. 

4.3 Jlwning raft' 

With fast burning ,·nmpositions, ~cnsitizcd primer ~heel top­
i!,!nited cylindrical ~mokc grains arc u~cd to dctl'fminc the 
burning ratL·1'>. It varies from 1.0 em/min for an ignition smoke 
wmpmition to 2.0 em/min for a fast composition used in ~~ 
signalling grenade. Slow burning compositions. used for long 
emission time. show burning rates as low as approximately 
OJ cmimin judging from the burning time of actual 
generators. The whole spectrum of burning rates can be 
covered by varying the ratio of dye to fucl/oxidiz.cr mixture. 
The proportion of sodium hiL·arhonate will also affect the 
burning rate. · 

To speed up the wmhustion and augment the smoke vol­
ume without major increase~ in combustion temperature, 
small yuantities (up to 2% or .V>i-) of a combustion catalyst 
may be incorporated into the smoke composition1u 1

• Iron 
oxide has hcr~n found to be a particularly suitable combustion 
catalyst. When sulfur is used as a fuel, the burn rate is gener­
ally sufficiently high so that a combustion catalyst is not 
needed. 

500 
u 
~400 :, 

! ' 
i 
:__,nserted 
: lhermocouple 

./ 
/ . ......,,.,o~~-~~,5,......--w 

T1me 1~1 

t'lgure 2. Typical rccl'rding nf IIH•rnuwnuplt' p<)~itioned at thr vrnr 
hole or in the smoke grain or a grenade filled with castahle composi­
tion. 
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4. 4 Humin~ temperultm:s 

Chromcl-alumcl thermocouples. r,ositioned at the vent hole 
or inserted into the smoke grain. were used to record burning 
and exhaust gas temperatures of rastahlc smoke composition 
USl'd in signalling ~moke grenades1 ~ 1 • A typical recording is 
shown in Fig. 2. All the maximum temperatures recorded 
were in the range ·BOOC-597"C .md arc comparable to those 
of pressed composition~. 

4.5 Sajl•ty dassijication 

All the ~rnokc mmpo~itions used in actual ~nwkc g~~ncrator~ 
were te~ted hy the Canadian Explosiws Re~earch Laboratory 
(CANMET. Bells Corners, Ontarin) of Energy, Mines and 
Resources Canada. The l'l.tssifiration is identical lor t'ach 
smoke r~lmpo~ition: 
Canadian Explosiws Al'l: Class 4, Divi~ion 2 
Transport: Cla~s B 
Safety Distance: X 
United Nati!l!ls: 1.3 (i 

4.6 Adl'tmtages of castabl!' compositions 

Ca~tablc smoke rompmitions po;sess a number of inherent 
advantages over conventional pressed compositions. Among 
these. arc: 
- improved mechanical properties and stability: the su..,cepti­

hility of such mixtures to shock and dctcrinratinn is dc­
crcasl~d. 

- improved ~afcty in handling: because of the \WI procc~sing 
tceh:1iquc, the processing personnel have a reduced expo­
!;ure to dusr, and the risks ari~ing from explosive dust arc 
minimized. The compo~itions arc also less sensitive to igni· 
tion hy impact, friction or ekctrostatic di~charge. 

- improved performance: the fact that the pyrotc<.:hni<: mix­
ture is well dispcr~cd means that it h~rrns at a more uniform 
rate, and with more uniformity from one generator to 
another. 

- greater flexibility in grain design: the ~moke composition 
can he very easily cast in a variety of configurations, ilnd is 
not restricted solely to cylindrical shapes. This is especially 
advantageous for the filling of aerodynamically-shaped pro­
jectiles. 

- suitability for ma~s produdion using an automated produc­
tion line. There is no need for incremental filling tech­
niques. 

4. 7 ( 'urrent applications 

The developed compo~.itions have found applications into 
smoke generators such as the 35-s signalling grenade. The 
design has been accepted for usc by the Canadian Forces and 
production contracts have been awarded to private industry. 
The contractor. with prcviou~ experience in conventional 
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pressed Cl'mpositions, has indicated that the processing of 
castahlc smoke compositions is actually easier, faster and safer 
than the ronventional pressed compositions. The performancl' 
of the grenade has been evaluated by the user as a consider· 
able improvement over existing stores in inventory. Another 
example of the improvement that can he obtained with a ca~t­
ahlc composition is the case of a free-fall 3-min marker 
launched from helicopters. A e<tstablc compo~ition has hecn 
loaded into the older model marker originally filled with a 
pressed composition. Although the total weight of the new 
model is the same, the volume of smoke emitted over a J-min 
period was considerably increased. The marker has been suc­
cessfully subjected to environmental testing to further qualify 
the design. Finally, a long burning 12-min marker employing a 
pour-castahlc smoke composition is presently under develop· 
ment at DREY. 

5. Conclusions 

By the application of existing technology, a..,~m:iatcd with 
composite propellants, the lkfl>nse Research Establishment. 
Yalcarticr (DREV) has successfully developed pour-castablc 
wloured ~mokc compositions u~ing a binder based on a com· 
mercially available polybutadienc prcpolymt•r. These COI:.pos­
itions have an end-of-mix viscosity below 5 kP to enable ~:a\1· 
ing by gravity alone. The realization of true C<l\tahlc products 
was made possible by the development of a high capacity pro· 
cess to achieve granulation in a sati\factory manner. The sub· 
stitution of a wmmercial dye with a granulated material hav· 
ing an average particle si1e of 500 Jtm-700 fllll has provided a 
solution to the problem of high viscmity. 

Thcst• polymer-bonded pour-castahlc smoke compositions 
have been ~ucccssfully loaded into operational smoke 
generators presently in production for the Canadian Forces 
and also into cxpcrimcntai ~rnoke markers still under develop­
ment. 
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